Abstract A three-stage study has been carried out with rainbow trout (Oncorhyncus mykiss) to develop analytical approaches which can provide a fingerprint for tainting by oil sands chemicals from processaffected waters and natural sources. The objective was to find a simpler alternative to sensory evaluation. In the first stage, a set of seven test compounds was added to fish tissue which was analysed by headspace and solvent (dichloromethane, DCM) extraction followed by gas chromatography-mass spectrometry (GC-MS). In the second stage, fingerlings (5-20 g) were exposed for 96 hours to the test compound mixture at 1.0 and 0.5 times the estimated tainting threshold concentrations. In the final stage, fingerlings were exposed for 96 hours to an oil sands process water at 5, 10, 20 and 50% concentrations in clean water. None of the test compounds was identified in DCM extracts of tissue from exposed fish. Two longchain aldehydes, hexadecanal and 9-octadecenal, were tentatively identified in these extracts by matching of mass spectra with library spectra.
Introduction
The vast oil sands deposits in northeastern Alberta are attracting international attention for their strategic and economic value in an era of tightening world crude oil supply. The surface mining operations near Fort McMurray store large quantities of oil sands processaffected waters (OSPW) which have the potential to taint fish, as shown by several sensory studies over the past two decades (Jardine and Hrudey, 1988; Diversified Research, 1992; Koning and Hrudey, 1992; Golder, 1996; LeBlanc et al., 2000) . Site reclamation and closure plans must take into account this potential for tainting of fish in the adjacent Athabasca River watershed. There is also the potential for tainting from natural sources because the Athabasca River and its tributaries erode oil sands deposits in the McMurray Formation. Sensory studies, based on challenging a test panel, are complex, subjective and costly. As a result, they are not good tools for tracking and delineating sources and extents of tainting potential. The Wetlands and Aquatics Working Group of CONRAD (Canadian Oilsands Network for Research and Development) has been working toward an analytical method for fingerprinting and defining tainting by chemicals from OSPW and natural erosion. An initial project has been completed at the Alberta Research Council, Vegreville, AB, to test analytical approaches with a suite of model compounds and OSPW using rainbow trout as test species.
to cause tainting of fish in the Athabasca River and tributaries north of Fort McMurray. In addition, there is a commercial fishery in Lake Athabasca into which the Athabasca River empties. Jardine and Hrudey (1988) established sensory detection thresholds for several oil sands chemicals in walleye tissue. Two of the more potent chemicals were naphthalene and benzothiophene with detection thresholds of 0.33 and 0.09 mg/kg, respectively. Koning and Hrudey (1992) exposed rainbow trout (Oncorhyncus mykiss) to a variety of OSPWs and reference waters. After exposure, fish tissue was subsequently analysed by a sensory panel. All of the process-affected waters produced significant taint. The authors also analysed fish bile and tissue for phenol, methyl-and dimethylphenols. Tissue and bile showed elevated levels of several phenols. The authors concluded that phenols contributed to the taint from the most tainting wastewater, treated tailings pond water.
In another study (Diversified Research, 1992) , rainbow trout were exposed to water from five small test ponds on the Syncrude Canada site, and two reference waters. The fish tissue was assessed using the Double Triangle Difference Test. The only significant differences were control pond versus a reference water, and the same control pond versus two test ponds (with oil sands extraction material). Fish tissue was also analysed for polycyclic aromatic compounds (PACs). Only a few PACs were at detectable levels, and the reference water fish had somewhat higher levels and more detections than fish exposed to water from the control or test ponds. In another study, also using the Double Triangle Difference Test, rainbow trout were exposed to 0.5% dike seepage water and 0.5% refinery effluent from the Suncor operation, and laboratory and field (caged fish) Athabasca River water (Golder, 1996) . By the criteria of the testing, both dike seepage water and refinery water were different from laboratory and field river water; however, they were not different from the time zero control.
In the most recent study (LeBlanc et al., 2000) , rainbow trout were exposed to fresh and aged CT water (water phase from production of consolidated or composite tailings). Three CT waters, one "aged" and two "fresh", were tested at 0.1 -10% concentration. A screened, trained sensory panel from the local area was set up. Sensory analysis was by difference-from-control, and both flavour and aroma were evaluated. The lowest concentrations causing detectable taint were 0.1 -1.0%. Tainting depended on the source of the CT water and whether it was picked up by changes to flavour or aroma. By 2002 , (TrueNorth, 2001 Golder, 2002) , fish tainting potential had become an important issue in environmental impact assessments of new oil sands projects. While these sensory studies have established that oil sands process-affected waters have the potential to cause fish tainting, the components responsible for the tainting are, as yet, unknown. Furthermore, the results have sometimes been internally inconsistent. Because sensory studies are expensive and complicated to conduct, chemical analysis may be a more practical means of screening and quantifying OSPWs for tainting potential.
Methods Experimental outline
For simplicity, a suite of model compounds was selected for a pilot study and first exposure experiment. They were 2,4dimethylphenol, ethylbenzene, benzothiophene, naphthalene, quinoline, cyclohexane carboxylic acid and nonane. They were chosen on the basis of earlier studies or reviews (Hydroqual and Dominion, 1986; Birkholz et al., 1987; Jardine and Hrudey, 1988; Koning and Hrudey, 1992; Booty et al., 1996; Golder, 2004) , and are representative of classes of compounds expected to occur in waters which have come into contact with oil sands either through processing or natural erosion. Known tainting potency was also considered, e.g. naphthalene and benzothiophene (Jardine and Hrudey, 1988 ) and 2,4-dimethylphenol and ethylbenzene (Persson, 1984) .
The suite covered a range of chemical properties, e.g. cyclohexane carboxylic acid (a simple naphthenic acid), quinoline (an organic base) and nonane, a saturated hydrocarbon typical of "naphtha" used in bitumen extraction.
Rainbow trout fingerlings (5 -20 g) were used. Both headspace and solvent (dichloromethane, DCM) extraction methods were used with analysis by gas chromatographymass spectrometry (GC-MS) (ARC, 2005) . The first step was to add a suite of model compounds to fish homogenate to determine analytical recovery. In the second stage (experiment I), six fingerlings per tank were exposed to the suite of model compounds added to clean water at 1.0 and 0.5 times the estimated tainting threshold concentrations, where known (Persson, 1984) , and were analysed by DCM extraction and GC-MS. The "1.0" times concentrations in mg/L were: 2,4dimethylphenol, 1.00; ethylbenzene 0.35; benzothiophene, 1.00; naphthalene, 1.84; quinoline, 0.71; cyclohexane carboxylic acid, 10.0; nonane, 3.00. Concentrations of compounds in italics were based on literature tainting threshold values (Persson, 1984) . The 96-hour survival rates at "1.0" times concentration were three of six fingerlings and at "0.5" times concentration six of six fingerlings.
In a second exposure experiment (II), fingerlings were exposed for 96 hours to Athabasca River water, both upstream and downstream from oil sands development, and to 5, 10, 20 and 50% of an oil sands process water in dilution water (96-hour survival rates were 11, 13, 5 and 0, respectively, of the 15 original fingerlings at each exposure level). For the 50% exposure, fingerlings surviving at 72 hours (seven of 15) were used for analysis. Fish were analysed by both DCM extraction and headspace methods. Upstream river water was collected at the Fort McMurray water treatment plant (upstream from all oil sands development). Downstream river water was collected from the Albian Sands river intake station, the furthest downstream operation. Process water (release water) was from the Syncrude Mildred Lake Settling Basin. Waters were stored at 4 8C and exposure experiments were carried out within two weeks of receipt of the waters. The exposures were static renewal tests.
Extraction and analysis
A 1 g sample of spiked fish homogenate was weighed into a 16 £ 125 mm screw-cap test tube. The sample was then spiked with 8 mL of a surrogate standard spiking solution of n-decane-d 22 and ntetradecane-d 30 at 1,000 mg/mL. Five millilitres of Nanopure water was added to the tube, which was capped tightly and mixed well (vortex mixer). The homogenate was then serially extracted three times with 5 mL aliquots of DCM with centrifugation at 2,500-3,000 rpm for 10 minutes to separate layers. The lower, organic layers were removed and combined using a Pasteur pipette and concentrated under nitrogen at 35 8C to 1 mL. The final extract was passed through a 0.2 mm syringe filter into a 2 mL crimp-cap vial. Prior to analysis, 250 mL of final extract was transferred to a 2 mL vial with insert and combined with 2.5 mL of an internal standard mixture of 1,4dichloro-benzene-d 4 and acenapthene-d 10 .
The concentrated samples and tainting compound standards were loaded onto an automated liquid sampler (Agilent Technologies Model 7683) and analysed using a gas chromatograph (Agilent Technologies Model 6890) equipped with a split/splitless injector, a 30 m £ 0.25 mm id Rtx-5MS (crossbond 5% diphenyl, 95% dimethyl polysiloxane) capillary column and a mass spectrometry detector (Agilent Technologies Model 5973). Gas chromatography was carried out with helium as the carrier gas, and programming of the oven temperature (initial 50 8C; hold for three minutes; increase at 2 8C/minute up to 125 8C then at 10 8C/minute to a maximum of 320 8C and hold for 10 minutes). Full scan mass spectrometry was conducted over a mass range of m/z 38 -300. Identification of the V. Rogers et al. 313 tainting compounds was by comparison of retention time and peak area with calibration standards. The identity of an observed analyte was confirmed using mass spectral ion chromatograms of the analyte's quantification ions and the mass spectral library database. The chromatogram for the DCM extract of undiluted process water is shown in Figure 1 where the retention times for internal and surrogate standards, and the test compounds are shown.
Fish tissue was analysed for more volatile compounds by headspace analysis. Briefly, a 2 g sample of tissue was placed in a 1,050 mL bottle and sealed with cap and septa. After warming at 30 8C for at least 20 min a 50 mL aliquot of the headspace was withdrawn and analysed by GC-MS (Agilent 6890 gas chromatograph and 5973 mass spectrometer). The column was a 50 m £ 0.32 mm id fused silica coated with 0.52 mm of 5% cross-linked phenyl methyl silicone. The initial temperature was 0 8C then programmed at 1 8C for one minute, then at 15 8C per min to 265 8C and held for 0.4 min. Full scan mass spectrometry was conducted over a mass range of m/z 33 -300.
Results and discussion
In the pilot study, the model compounds were added to homogenised fish tissue using both fillets and whole (non-eviscerated) fish followed by DCM extraction. Recoveries were 50-128% with detection limits of 0.07-1.00 mg/g (Table 1 ). This was considered acceptable to proceed to an exposure experiment. Using this set of model compounds, all test compounds were measurable in the homogenised fish tissue ( Table 2 ). The tissue had distinct odours (naphthalene and benzothiophene being most prominent). None of the test compounds was detectable in the DCM extract of undiluted process water (Figure 1) .
Tissue concentrations and bioconcentration factors (BCF) are given in Table 2 . BCFs are the ratio of tissue to exposure (water) concentrations. The BCFs determined at the two exposure levels (1.0 and 0.5 times estimated tainting threshold) were in good agreement. They are also in reasonable agreement (within a factor of two or three) with literature values: ethylbenzene, experimental BCF 34 -46, literature BCF 15 (Mackay et al., 1992a) (Mackay et al., 1995) ; 2,4dimethylphenol, experimental BCF 12-13, literature BCF 15 -150 (Mackay et al., 1995) .
The pilot study and first experiment established that the experimental protocol was working well for model compounds. An exposure experiment was then conducted using Athabasca River water (100%), and an OSPW at 5, 10, 20 and 50% concentration in dilution water.
By headspace analysis, no discernable compounds were identified in the Athabasca River water-exposed fish nor at the 5, 10 and 20% exposure levels. 3Methylbutanal and 2methylbutanal were tentatively identified at the 50% exposure. DCM extraction showed a number of compounds, tentatively identified as alkanals or alkenals, in increasing concentration from upstream river water, downstream river water and increasing percentages of process water. The total ion chromatogram for the DCM extract at the 50% exposure level is presented in Figure 2 . The peaks at 52.91 and 54.90 minutes have been tentatively identified as hexadecanal and 9-octadecenal, respectively, by matching with library spectra. The match quality was 95 for hexadecanal and 99 for 9octadecenal. The peaks at 47.15 and 50.22 minutes gave library matches for pentadecane and heptadecane, respectively. None of the model compounds was detected in OSPW-exposed fish. Later peaks, not shown in Figure 2 , were indicative of alkyl phthalates and adipates (plasticisers, origin unknown) and possibly other aldehydes and hydrocarbons.
The two peaks assigned to hexadecanal and 9-octadecenal were detected in DCM extracts of all fish exposures: upstream Athabasca River water, downstream Athabasca River water and 5, 10, 20 and 50% OSPW. There was an approximate "dose-uptake" relationship, i.e., yields of these two aldehydes increased in order from upstream river water downstream river water, and 5, 10, 20 and 50% of OSPW (Table 3 ). The origin of these compounds is as yet unclear. They could arise by (1) uptake from the water, (2) uptake of some precursor from the water, or (3) be produced by the fish as a physiological response to stress. The first two would be more immediately consistent with the observations, but we cannot rule out the last pathway since the stress to the fish also increased in the order that concentration in tissue did.
Conclusions
This initial attempt to develop a model system to assess fish tainting potential of OSPW chemically has been a qualified success. Using DCM extraction of tissue from fish exposed to model compounds, these compounds were readily detectable when exposure concentrations approximated those predicted to cause tainting (based on literature values).
The analytical experiments described here have not yielded an obvious chemical "fingerprint" of tainting by actual process waters. The finding that aldehydes were major compounds in exposed fish was unanticipated. Studies on these aldehydes are continuing and will initially focus on the synthesis of standards to test the tentative identifications and to determine their odour potencies. If the identification is confirmed, their origin needs to be determined. The possibility that tainting is a result of tens or even hundreds of compounds contributing to the overall tainting load suggests a modification to the GC-MS analysis to use selective ion monitoring for increased sensitivity for families of compounds such as alkyl naphthalenes, alkyl benzothiophenes, alkyl quinolines and alkyl dibenzothiophenes. For simplicity, only the parent two-ring aromatics (naphthalene, benzothiophene and quinoline) were included in our model compound suite. In actuality, alkylated forms of aromatic compounds tend to occur in (much) higher concentrations in oil sands than the unsubstituted parent compounds. This gives rise to large numbers of possible isomers with the attendant analytical challenges and possibilities for interactions in producing the overall tainting effect.
Another possibility to explore is the metabolic conversion of alkylbenzenes (BTEX) into phenols with a higher tainting potential (e.g. Koning and Hrudey, 1992) . While the chemical/analytical approach is proving difficult, it is still worth pursuing if it can reduce the reliance on sensory analysis. This is especially important if a large number of process and natural waters are to be assessed for tainting potential.
Note added in proof
Subsequent to completion of the present study, hexadecanal and 9-octadecenal were synthesised by R. Young in the laboratory of Prof. P. Fedorak, University of Alberta. The aldehydes were prepared by mild oxidation of the corresponding commercially available alcohols in DCM with pyridinium chlorochromate (Aldrich). Comparison of retention times and mass spectra with those of the corresponding peaks in the extracts confirmed the "tentative" structural assignments.
